Five freeze-tolerant yeast strains suitable for frozen dough were compared with ordinary commercial bakers' yeast. Kluyveromyces thermotolerans FRI 501 cells showed high survival ability after freezing when their resting cells were fermented for 0 to 180 min in modified liquid medium, and they grew to log and stationary phases. Among the freeze-tolerant strains of Saccharomyces cerevisiae, FRI 413 and FRI 869 showed higher surviving and trehalose-accumulating abilities than other S. cerevisiae strains, but were affected by a prolonged prefermentation period and by growth phases. The freeze tolerance of the yeasts was, to some extent, associated with the basal amount of intracellular trehalose after rapid degradation at the onset of the prefermentation period. In the freeze-sensitive yeasts, the degree of hydrolysis of trehalose may thus be affected by the kind of saccharide, unlike in freeze-tolerant yeasts.
A large number of frozen dough methods have been developed since the first reported by Godkin and Cathcart (14) . Most of the reports on these methods have dealt with the gassing power and relative proof times after thawing (18, 24, 35) , dough formulation, making and fermentation before freezing (21) , and freeze-thaw ratio (19, 34) to stabilize the frozen dough.
However, there are few studies about yeasts that are most affected by freezing and, as a result, may damage the thawed dough. Kline and Sugihara (21) reported substantial losses in the number of viable cells in frozen dough. Wolt and D'Appolonia (38) showed that the free sulfhydryl group content in yeasted dough increased during freezing and remained in the yeast cells even after extensive freezing damage and leaching. Consequently, due to the broken gluten S-S bonds of dough by exuded sulfhydryl groups, the thawed dough cannot expand. Since fermentation of dough before freezing impairs the viability of the yeast cells, the current methods have been improved by increasing the concentrations of sugar, fat, and oxidizing agents and by reducing the time of handling and dough temperature to prevent freezing injury. However, bread produced without fermentation before freezing lacks adequate taste and flavor.
In a previous report (17) , we described the characteristics of three new strains of freeze-tolerant yeasts. These strains exhibited differences in fermentation ability and gassing rate before and after freezing in several types of dough. The new freeze-tolerant yeasts retained their fermentative ability and bread-leavening activity even after prolonged frozen storage in fully fermented doughs before freezing. Frozen dough made with these yeasts gave good-quality bread similar to that made from unfrozen dough with ordinary bakers' yeast.
Tanaka et al. (33) reported that the independent existence of flour or ethanol protected the activated yeasts in dough whereas the coexistence of the two was harmful during frozen storage. Oda et al. (26) (13) . Storage of the carbohydrate trehalose (x-D-glucopyranosyl at-D-glucopyranoside) occurs naturally and is common to various organisms such as bacteria, yeasts and other fungi, algae and lower plants, insects, and invertebrates (12, 36) . Trehalose, along with glycogen, is the major storage carbohydrate and energy reserve of yeasts (15, 22, 29, 30) . Recent reports indicated that the presence of trehalose in yeast cells operates as a resistance to low water activity in liquid medium (23) and that trehalose also functions as both a protectant during freezing and a membrane preservative during desiccation (4, 6, (8) (9) (10) 26) .
This study was undertaken to determine which cellular compounds affect freeze injury and freeze tolerance and the survival of these yeasts in liquid media. We used a synthetic medium in order to have a simplified system for the analysis of freeze tolerance in yeasts. The results indicated that the intracellular accumulation of trehalose is associated with freeze tolerance in yeasts.
MATERIALS AND METHODS
Strains and growth conditions. Yeast strains used in this study were Saccharomyces cerevisiae FRI 413 and FRI 802 and Kluyveromyces thermotolerans FRI 501, described in a previous report (17) (17) . However, a slight change in temperature from 30 to 35°C during the last 4 h was made to mature the yeasts under starvation conditions to obtain the same dough-making ability as that of commercial bakers' yeast.
Gas production measurements of frozen dough. A Fermograph AF-1000 (ATTO Co. Ltd., Japan), which can measure gas production in fermenting doughs automatically, was used in all gas production measurements (16) . The formulation and procedure for the frozen dough used in the gas production measurements were the same as in a previous report (17) . The measurement process was as follows. After freezing, the frozen dough in the reaction vessel was placed in the water bath of the Fermograph, maintained for 15 min at 30°C, and the lids were tightly capped. The total amount of CO2 released was recorded for 120 min at 30°C.
Survival ratio of yeasts. Activated cells from compressed yeasts were obtained as follows. One gram of yeasts (70% moisture base) was fermented for 15 to 180 min at 30°C in 50 ml of a liquid fermentation (LF) medium (Table 1) , which was modified from that of Atkin et al. (1) to simulate the fermenting ability in bread dough. The cells were centrifuged at 1,000 x g for 10 min, washed with cold distilled water, and suspended in 0.5 ml of chilled water corresponding to 2.0 x 109 to 4.0 x 109 cells per ml. The suspended cells were stored for 0 to 7 days at -20°C in a laboratory freezer (model PF-20; Tabai Mfg. Co. Ltd., Japan). The 10-ml frozen suspension was incubated in the water bath at 30°C for 3 min. Further dilution of the suspension was made before spreading on YPD plates to obtain yeast counts ranging from 500 to 2,000 cells per ml after incubation for 72 h at 30°C. Data at zero time indicated the survival ratio after freezing at -20°C for 60 min and thawing to observe the tolerance of yeasts to such treatment.
Trehalose determination. Activated cells from compressed yeasts were obtained as described above. Yeast cells were collected by centrifugation at 1,000 x g for 10 min and washed three times with cold distilled water. Trehalose was extracted from yeast cells with 0.5 M trichloroacetic acid and determined by the anthrone method (3) or high-pressure liquid chromatography. The trichloroacetic acid extract was deionized with an Amberlite IRA-410 and IR-120 (Organo Co., Japan) column (1.0 by 10 cm) and lyophilized. gradient of 0 to 50% 1.0 M sodium acetate in 0.1 M NaOH (flow rate, 1 ml/min). A pulsed amperometric detector (Dionex) was used.
RESULTS
Gas production of yeasts for frozen dough. The tolerance to frozen storage in doughs, that is, the rates of CO2 production by thawed doughs prefermented with three yeasts for certain periods of time before freezing, is shown in Fig. 1 . The stability of FRI 868 and FRI 869, isolated from CFY, was similar to that of FRI 802 and CFY reported previously (17) . In the frozen dough made with these strains, the CO2 production by the thawed dough was relatively constant up to 90 to 120 min of the prefermentation period (that is, fermentation of doughs before freezing), though it decreased markedly after this time.
Survival ratio. Figures 2, 3 , and 4 show the survival of the yeasts under varying conditions in liquid media. The survival ratio of frozen and thawed yeast cells that were fermented for some time in LF medium before freezing is shown in Fig.  2 . All yeasts cultured in the jar fermentor, in which growth was arrested by the removal of the nitrogen source in the final culture phase, showed a high survival ratio of >90% in the absence of fermentation prior to freezing (Fig. 2a) (Fig. 2b and c) . Figure 3 indicates the survival ratios of yeast cells cultured to the log phase and stored at -20°C for various periods of time. The ratio for FRI 501 was conspicuously different from those of the Saccharomyces strains in every period observed. The survival ratio of the S. cerevisiae strains was <50% when the cells were frozen for showed the same ratio afterwards. Of the S. cerevisiae strains, the survival ratios of FRI 413 and FRI 869 correspondingly decreased and gave higher values than those of other strains (Fig. 3) . Similar results were obtained for the survival ratio of stationary-phase cells (Fig. 4) . The survival ratio of FRI 501 was 10-to 500-fold higher than that of other strains when stationary-phase cells were frozen for 7 days, as in the case of the log-phase cells. Although the survival ratio of strain FRI 825 did not decrease quickly after the first day compared with that of the log-phase cells, the value always remained the lowest. Trehalose accumulation in various yeasts, when grown on YPD, was determined in various strains (Fig. 6) . None of the strains accumulated trehalose at the logarithmic phase of growth. At the stationary phase, however, the amount of trehalose accumulated by strains FRI 413 and FRI 869 was higher than that accumulated by other strains and the amount in FRI 825 was the lowest.
Effect of carbon source on trehalose preservation. The effects of glucose and maltose on trehalose degradation of the freeze-sensitive strain, FRI 825, and the freeze-tolerant strain, FRI 869, were compared. Figure 7a and b shows the trehalose degradation and CO2 production of the above two strains when they were fermented with glucose or maltose as carbon source, respectively. In maltose fermentation, the medium (LF-maltose) also contained 0.3% glucose because FRI 869 required a long induction time for maltose fermentation. Although both strains immediately degraded the trehalose when fermentation started, regardless of the carbon source, the rates of trehalose hydrolysis and C02, production during fermentation with maltose were lower. The pattern of the basal level contrasted between FRI 825 and FRI 869 after the first decrease. The freeze-sensitive FRI 825 strain retained about 10-fold more trehalose in maltose fermentation than in glucose fermentation. In contrast, the basal level of trehalose in maltose fermentation of the freeze-tolerant strain, FRI 869, was not much different from that in glucose, being only 1.5-to 1.7-fold higher. DISCUSSION It appears that the survival ratios of the freeze-tolerant yeasts, strains FRI 501, FRI 413, and CFY, were higher than that of FRI 825 when cultivated in LF medium to investigate the physiological state of activated yeasts during fermentation ( Fig. 1 to 3 ). The stability of the yeast cells after freezing can be classified into two types based on these experiments. In the first type, FRI 501 showed an exceptionally high tolerance to freezing compared with S. cerevisiae strains under every condition tested.
On the contrary, in the S. cerevisiae strains, the survival ratios of all resting yeast cells decreased with the increase in duration of the period of fermentation prior to freezing. It seems that the following two types also were identified: (i) FRI 802 and FRI 868 were affected by the period of freezing, although the values were higher than that of FRI 825; (ii) FRI 413 and FRI 869 were not significantly affected. It appears that the survival ratio for the logarithmic-and stationaryphase cells after freezing decreased logarithmically with duration of the freezing period. It is known that cells at the stationary phase of growth are more resistant to high temperatures than actively growing cells (20, 25, 32) . We also showed that stationary-phase cells are more freeze tolerant than logarithmic-phase cells.
The intracellular component significantly affected by the change in environmental conditions was mainly trehalose. We also carried out an analysis of other components (glycogen, ethanol, organic acid, amino acids, and sugar alcohol). While the accumulation of glycogen under the same conditions also changed, the ranges were comparatively smaller than those of trehalose (data not shown). Moreover, the content of other components neither changed noticeably nor differed greatly among the strains under the same conditions (data not shown).
Trehalose has been successfully used as a cryoprotectant for plant cells (2), bacteria (11) , and yeasts (5 Nevertheless, FRI 413 and FRI 869 were able to retain about one-fourth of the stored trehalose, while other S. cerevisiae strains retained barely 10% of it. The cellular level of trehalose in strains FRI 413 and FRI 869 at the stationary phase was twice as high as in other strains. Strain FRI 501, which has an exceptionally high tolerance to freezing, kept a high basal level of trehalose during fermentation, although it did not accumulate a high level of it at zero time. This result is in agreement with the fact that these strains showed a higher growth activity than others after severe freezing conditions. Although the correlation between trehalose concentration and survival ratio is not direct, the freeze tolerance of yeasts should be closely associated with the basal level of intracellular trehalose. We think that the mechanisms of freeze tolerance in yeasts should not depend solely on trehalose, because strain FRI 501, which was most tolerant to freezing in dough and liquid media, should have another mechanism.
Although we have shown that the accumulated trehalose was quickly catabolized during fermentation, irrespective of the carbon source, freeze-tolerant strains were able to retain a higher basal level than the sensitive strains after fermentation (Fig. 5) . The results suggested that these freezetolerant yeasts may be defective strains in the trehalose metabolic system regulated by the cyclic AMP-dependent protein kinase or may have individual metabolic systems of trehalose, as in bacteria (12) .
These suggestions are supported by the experiment on the effect of carbon source on trehalose preservation. Panek et al. (31) demonstrated, that when maltose was used as carbon source, trehalose accumulated parallel to growth. This difference may be due to the cell conditions; that is, they used yeast cells that do not accumulate a high amount of trehalose. Although a detailed comparison may be required, it is suggested that in freeze-sensitive strains the trehalose metabolism can be changed by the carbon source, as shown by the results of Panek et al., but this cannot occur in freeze-tolerant strains.
